Abstract Large animal models have served as the foundation for clinical trials in all solid organ transplantation. Likewise, pre-clinical studies in vascularized composite allotransplantation (VCA) have provided a foundation for initial human applications in VCA. The growth of clinical VCA correspondingly benefits from large animal studies investigating the unique immunobiology, improved immunosuppressive regimens, and the potential induction of immunologic tolerance. VCA studies in large animal models of nonhuman primates, swine, and canines have and continue to build knowledge towards improved clinical outcomes.
INTRODUCTION
Vascularized composite allotransplantation (VCA) offers possibilities in the management of disfiguring complex tissue loss. Encouraging outcomes in VCA have been recognized in hand and upper extremity, face, abdominal wall [1] , larynx [2] , and lower extremity [3] transplantation. The progression of VCA into the clinical realm has been supported by preclinical, large animal studies investigating the immunobiology of these unique tissues. Similar to solid organ transplants that are often life-saving, VCA success depends on life-long immunosuppression with its associated risks and complications. Research goals continue to be directed towards the development of a VCA protocol that supports prolonged graft survival and minimizes or eliminates immunosuppression. Additional knowledge regarding the mechanisms of rejection and functional outcomes of VCA are also well modeled in large animals. These studies in non-human primates (NHP), swine, and canines have been predictive of success and challenges in clinical VCA protocols (Table 1) .
NONHUMAN PRIMATES
Nonhuman primate (NHP) models of VCA have been developed and refined over the last few decades to study monitoring and treatment strategies for VCA. Early work in NHPs focused on the technical and immunosuppression requirements to develop a model with reliable outcomes, low morbidity, and prolonged survival. The involvement of the motor-sensory portion of VCA responsible for functional re-innervation allowing grasping, mastication, and blinking [4] [5] [6] [7] [8] , was investigated in the first NHP studies.
In 1984, Egersezi reported on two VCA models in baboons using cyclosporine (CsA) to study the immunological and functional recovery aspects of hand transplantation. The first microsurgical transfer was a neurovascular free flap (NVFF) and consisted of the soft tissue coverage of the second digit with anastomosis of the associated neurovascular structures. Immunosuppression consisted of CsA titrated to levels of 800 ng/mL starting 4 days before transplantation. Rejection episodes were treated by increasing CsA to a level of 1,000 ng/mL with a steroid bolus and tapered to a maintenance dose of 5 mg/day. Survival up to 161 days was reported, although survival was inconsistent [4] .
Daniel et al demonstrated better technical outcomes of NVFF transplantation with the addition of steroid therapy. Despite three animals experiencing rejection, four animals survived rejection free to postoperative day (POD) 132. These authors further performed four complete hand transplants demonstrating long-term survival to POD 304 and restored function. Results were likewise variable with one hyperacute rejection episode and two acute rejection episodes 60 days postoperatively [5] .
Stark et al reported that from eight NHP hand transplants, six failed by POD 15, including two technical losses. CsA and steroid therapy resulted in only one allograft survival to POD 296. Despite acute rejection episodes, animals displayed evidence of successful motor and sensory re-innervation. Histology of the early losses showed acute necrotizing rejection and signs of rejection present in all soft tissue; however, rejection was most prominent at the dermoepidermal junction. While donor bone marrow was depleted of viable cells, "patchy lymphoplasmacellular infiltrates" were present in the recipient tissues. These findings raised concerns for both graft-versushost disease (GVHD) and post-transplant lymphoproliferative disorder (PTLD) as well as unique concerns regarding donor bone marrow and robust skin rejection [6] .
In the early 1990s, Stevens reported on a Rhesus monkey model of osteomyocutaneous first ray of the hand (thumb) with a radial forearm flap VCA. Immunosuppression consisted of CsA maintenance therapy with a target above 400 ng/mL with steroid induction and maintenance. Half of the animals received preoperative, third party blood transfusions. In some of the animals, rejection was treated with a cocktail of monoclonal antibodies (mABS) while others were treated with steroids. Results were reported for 12 transplants with 10 of the animals undergoing rejection. Monoclonal antibodies were able to reverse some rejection whereas steroids were not. Blood transfusions had no effect on rejection. Three animals had graft survival over 100 days with the others being lost between day 21 and 85. In all long-term survivors, there was evidence of re-innervation [7] . Mortalities were secondary to anaphylaxis following mAB administration, opportunistic bacterial infections, and lymphoid tumors. Importantly, viral mismatching was implicated in the development of lymphoid tumors, which remains clinically relevant. While rejection was regularly observed, less toxic immunosuppression was an important focus for future studies [9] .
Pharmacological advancements including more potent calcineurin inhibitors, such as tacrolimus, allowed for new immunosuppressive regimens in VCA models. Cendales et al developed a radial osteomyocutaneous flap in cynomolgus macaques utilizing tacrolimus (15 -20 ng/mL), mycophenolate mofetil (MMF), and maintenance steroids. Control animals without immunosuppression rejected by day 8, whereas allograft survival in immunosuppressed NHP was achieved up to POD 76. Observations of acute rejection patterns were histologically analogous to those observed in human VCA rejection with CD3+ T cell lymphoid infiltrates in the dermis and perivascular distribution along with a weaker infiltrate of CD4+ T cells near dermal capillaries. Six of the seven immunosuppressed recipients also developed anti-donor antibodies providing new concern for a humoral component of acute rejection [10] .
An NHP model for heterotopic face transplantation has also been established [11] . Technical and immunosuppressive modifications provided reliable and replicable outcomes providing a platform for prolonged VCA survival in a NHP model (Fig. 1 ). Tacrolimus monotherapy with increased levels prevented rejection, but a unique complication of a high incidence of PTLD was recognized [12] . PTLD was unique in this VCA model in that it was predominantly donor-derived (unlike solid organ PTLD, which is recipient-derived), and it was associated with lymphocryptovirus (LCV). Alternate immunosuppressive therapies such as the m-TOR inhibitor rapamycin resulted in allograft rejection soon after conversion [13] . This model also assessed the role of vascularized bone marrow (VBM) comparing facial VCA transplants with and without VBM. The immunosuppression regimen had been slightly modified to include MMF and lower levels of tacrolimus. Animals without VBM components to the VCA grafts promptly rejected their allografts compared to VCA with VBM where graft survival continued without rejection for over 1 year as long as immunosuppression was continued. Three of four VBM monkeys demonstrated at least transient macrochimerism in peripheral blood; however, after withdrawal of immunosuppression all VCA rejected within 60 days. Nonetheless, the donor VBM compartment was found to contain viable donor bone marrow [14•] . While VBM was associated with prolonged VCA survival, recipient chimerism was not associated with the development of tolerance. Furthermore, characteristics of chronic rejection including vasculopathy, neointimal proliferation, and vessel occlusion were observed in those animals with long-term (greater than 200 days) survival, but without CD4+ deposition and only minimal evidence of alloantibody production [15] , findings which are consistent with reports in human hand transplantation [18] . Further investigation of outcomes with regulatory T cells (Treg) did not reveal convincing associations [17] . This may be due to the severity of rejection overwhelming the regulatory process of the cellular immune response. This immunosuppressive approach was applied to a fibula VCA; however, all grafts were lost from technical and immunologic causes with no evidence of viable donor marrow [16] . These alternate findings suggested the immunologic benefit may be related to donor bone marrow volume.
Improved technical and immunosuppressive strategies have permitted NHP models to become feasible, replicable, and reliable in studying a variety of immunosuppressive regimens, the impact of VBM, and the immunobiology of these allografts. Ongoing studies focus on approaches that reduce or eliminate immunosuppressive requirements and further understand the unique component of VBM.
SWINE
Large animal models in swine have been developed for VCA transplantation of orthotopic and heterotopic transplantation of the forearm, leg, face, abdominal wall, and gracilis myocutaneous flap. While functional outcomes of VCA have been more challenging, swine large animal VCA studies have proven to yield excellent technical results with low animal morbidity [19] [20] [21] [22] [23] . Studies have been focused on the development of donor-specific tolerance similar to multiple successful swine models of tolerance for solid organ transplantation.
An initial model of orthotopic radial forelimb allograft from outbred farm swine with immunosuppression consisting of CsA, MMF, and prednisone [24] demonstrated that VCA could survive long-term (greater than 90 days) without skin rejection or GVHD. While acute rejection (n=2), mild to moderate rejection (Grade I-II) (n=5), as well as infections including pneumonia and septic arthritis were observed, the protocol was clinically relevant [24] . When immunosuppression was modified to tacrolimus (trough level 3 -8 ng/mL), MMF, and steroids, an improved rejection profile was observed [25] . These models provided evidence that swine VCA could be a reliable model for further investigations that later included defined SLA (swine leukocyte antigen) mismatching and functional VCA subunits using inbred swine [26] .
Massachusetts General Hospital (MGH) miniature swine provided defined genetic barriers to investigate more specifically the immunologic barriers to VCA. The use of selective SLA matching and mismatching for VCA experiments in this inbred colony allowed for more sophisticated immunologic studies that investigated tolerogenic protocols. A model of heterotopic hind limb transplant in SLA matched miniature swine described a phenomenon of split tolerance [27, 28] . A VCA consisting of tibia, fibula, knee joint, femur, and muscle (without skin) ( Fig. 2 ) with 12-day CsA immunosuppression survived between 178 and 280 days without evidence of rejection. Mismatched animals not receiving CsA survived only 42 days and SLA-matched swine without CsA survived 84 days. This model supported SLA matching and heterotopic transplants that allowed animals to ambulate with minimal morbidity [27] . SLA-matched, minor antigen-mismatched swine receiving musculoskeletal allografts without skin treated with a 12-day course of CsA accepted both the VCA and subsequent donor-type skin grafts [28] . SLA-mismatched recipients treated with the same short-course of CsA rejected their musculoskeletal allografts [29] . These experiments supported evidence of a skin-specific immune response revealing that MHC tolerance is not the only requirement for acceptance of skin [28] .
Numerous swine models have defined the establishment of chimerism as one method to induce donor-specific tolerance to solid organ allografts. SLA-matched swine with minor antigen mismatch and a short course CsA showed no evidence of rejection at the time of euthanasia (between POD 178 and 372), although donor skin grafts were not universally accepted. Transient chimerism was observed up to POD 19 in peripheral blood [30] ; however, donor bone marrow space was replaced with recipient T cells by 10 weeks [31] . The addition of a skin paddle (Fig. 3) revealed skin rejection by POD 60 without affecting other components of the graft [32] . The rejection of skin supported an alternate mechanism for skin rejection such as antigen-presenting cells, including Langerhans cells or dermal dendritic cells, which have a dominant presence in the skin. Further studies investigated swine tolerant to SLA Class I mismatched kidneys transplanted with donor-matched myocutaneous flaps revealed rejection of the skin by day 40 [33•] .
Non-myelosuppressive regimens that permit stable chimerism and tolerance to VCA transplantation were investigated in a mismatched miniature swine limb VCA model. Treatment with T cell depletion, CsA, and either bone marrow cells (BMC) or mobilized PBSCs in mismatched animals showed long-term acceptance of the musculoskeletal elements of the graft, but rejected the cutaneous portions by day 50. PBMCs provided macrochimerism; however, GVHD was also observed. BMC recipients developed neither chimerism nor GVHD [34] . Modifications of high-dose infused BM, VBM with tacrolimus, and CTLA 4 IG (a costimulatory blockage antagonist) permitted skin survival to 150 day endpoints without histologic evidence of rejection and transient microchimerism [33•] . This improved immunosuppressive approach provided for transient microchimerism and skin survival.
This model also investigated VCA and mesenchymal stem cell (MSC) transplantation [34] . MSC therapy prolonged VCA graft survival and increased Treg populations compared to no treatment, but this had been part of therapy with irradiation, BMC, MSCs, and CSA for 4 weeks [35] . The effect of MSC was preserved without BMCs [36] . This model was expanded to an orthotopic facial VCA using MSCs and CsA [37] . MSCs combined with other treatments supported long-term acceptance to all components of a VCA including the skin.
More recent studies showed long-term tolerance towards all components of a swine limb VCA. Irradiated, T cell-depleted animals received donor mobilized PBMCs with CsA in the setting of one MHC haplotype mismatch. Two animals underwent simultaneous VCA of a fasciomyocutaneous flap resulting in long-term acceptance of all components. Three other animals underwent delayed VCA transplantation at day 85 -150 in recipients shown to have stable mixed chimerism via in vitro assays depicting donor specific tolerance. These animals also accepted all tissue components of the allograft. Animals showed evidence of stable, long-term, multi-lineage chimerism in the range of 20 -100 %; however, two animals showed evidence of GVHD. One proposed mechanism for this skin tolerance, which is based on the reported finding of high amount of CD3+/FOXP3+ cells in the skin but not peripherally of the accepted allografts, is a local tolerogenic response not seen systemically [38••] . In this model, chimerism was associated with graft tolerance and not necessarily through regulatory T cell mechanisms.
These protocols have been demonstrated to be technically feasible, reproducible, and well tolerated by swine. Protocols that have induced long-term acceptance of VCA containing skin across multiple MHC barriers in swine still have not defined the minimum requirements to induce those mechanisms. Continuing studies investigate the mechanisms of tolerance, the minimum conditioning regimens, and complications including GVHD.
CANINES
Canine models have historically been used to study the surgical and immunological aspects of organ and hematopoietic stem cell transplantation. These models differ as canines tend to be outbred, which provides much more genetic diversity of their MHC antigens when compared with NHP or swine, which are typically inbred. Canines are also more immunologically mature than other animals at the time of experimentation. These facts make canines a unique and relevant large animal model [26] .
The first successful use of an immunosuppressive agent was in the canine model [37] , and canines were used as an initial model of limb allotransplantation. First models of limb allotransplantation with 6-mercaptopurine or azathioprine with antilymphocyte serum and hydrocortisone were complicated by systemic toxicity resulting in uncontrollable wound sepsis and pneumonia [39, 40] . A pre-clinical trial by Shengwu et al [41] investigated a cadaveric technical model and a facial/scalp VCA. Technical studies concluded that canines have similar facial vasculature and nerve anatomy compared to humans [42] . After anatomic studies, five beagle dogs with negative MHC cross-match were treated with antibiotics, CsA, and steroids. Rejection was treated with increased CsA and prednisone. While one infectious complication (pneumonia) was observed, remaining dogs had VCA survival from 201 to 402 days [41] .
Mathes et al investigated a model of VCA that used a rectus muscle flap based on the deep inferior epigastric arteries and veins (DIEA/V) and later modified to include the external iliac artery and vein as donor vessels [43] . Studies using genetically matched donor-recipient pairs for dog leukocyte antigen (DLA) based on MHC-I and MCH-II microsatellite markers then followed. VCA rectus transplants were performed without immunosuppression, and all underwent rejection around POD 12 with subsequent vascular thrombosis, and complete rejection occurred between POD 15 and POD 30 [43] . Investigations of mixed hematopoietic chimeras in canines used sub-lethal doses of 1 -2 Gy of total body irradiation (TBI) before a brief course of immunosuppression after DLAidentical bone marrow transplantation. VCAs from the marrow donors were performed after a median of 36 months (range, 4 -54 months) after hematopoietic cell transplantation (HCT). Mixed chimeras that received VCAs were matched for DLAs, but were minor-antigen mismatched. After bone marrow transplantation, animals were treated with MMF and either CsA or rapamycin. Allografts in recipient chimeras demonstrated long-term survival with successful graft follow-up lasting from 52 to greater than 90 weeks postoperatively. Graft histology demonstrated elevated levels of CD3+/FOXP3+ T regulatory cells as compared to rejecting controls [44•] . The canines that did not receive hematopoietic stem cell transplantation (HSCT) rejected within 3 weeks, implicating HSCT for induction of tolerance. This model differed from studies that revealed split-tolerance where skin was rejected, but the underlying muscle and fascia are preserved. The success of this canine VCA model, including tolerance to the skin, was believed to be dependent on tolerance to non-MHC antigens shared by HSC cells and all of the donor tissues [44•] .
CONCLUSION
The use of large animal models for pre-clinical VCA established the foundation of immunological and technical understanding, and importantly, a critical, chronological precursor to actual human application. Familiarity with the technical aspects of VCA transplantation supported clinical explorations of human hand and face transplantation. Each large animal model first defined surgical and technical approaches, and later investigated immunobiology, neuroregenerative, and complications that are crucial in improving the outcomes of vascularized composite allotransplantation. Nonhuman primate, swine, and canine models provided insight into chronic immunosuppressive regimens and tolerogenic approaches. Achieving immunologic tolerance through chimerism has been demonstrated in swine and canine models, while as yet, no nonhuman primate model has been developed to achieve tolerance. Similar to all other transplants, VCA large animal studies will support advances in immunosuppressive approaches and move towards an applicable strategy to achieve immunologic tolerance.
